We measured the levels of 8-hydroxyguanine (8-OH-Gua) and its repair activity in the livers of the Donryu rat, the carcinogen-resistant DRH rat, and the ddy mouse, which were fed a 0.06% 3′ ′ ′ ′-methyl-4-dimethylaminoazobenzene (3′ ′ ′ ′-MeDAB)-containing diet. In a short-term rat experiment (maximum 2 months), 3′ ′ ′ ′-MeDAB did not increase the 8-OH-Gua levels in the livers of the two rat strains, although it significantly increased the repair activity in only the Donryu rat liver at 1 and 2 months. After long-term 3′ ′ ′ ′-MeDAB administration to the ddy mouse (8 months), the levels of 8-OH-Gua and its repair activity were increased in the liver by 3.6-fold and 1.6-fold, respectively. These experiments suggest that 3′ ′ ′ ′-MeDAB increases 8-OH-Gua generation in rodent liver DNA and the 8-OH-Gua repair assay is a reliable marker of cellular oxidative stress induced by carcinogens.
Some aminoazo dyes, such as N-methyl-4-aminoazobenzene (MAB), N,N-dimethyl-4-aminoazobenzene (DAB)
, and 3′-methyl-4-dimethylaminoazobenzene (3′-MeDAB), are hepatocarcinogenic. A 0.06% 3′-MeDAB-containing diet is reported to induce hepatic tumors in rats 1) and mice.
2) These reports indicated that a 24-week feeding of 3′-MeDAB induced liver tumors in 94% of Donryu rats, while it did not induce any hepatic tumors in carcinogenresistant DRH rats (the experiment was started at the age of 7 weeks), and induced hepatomas in CBA mice between 44 and 55 weeks (the experiment was started at the age of 4 weeks). Because aminoazo dyes cause a wide variety of aberrant biochemical and histological features, [3] [4] [5] [6] the carcinogenic mechanism may be very complex. Among several mechanisms that have been proposed, carcinogen-DNA adduct formation is thought to be the major contributor.
Recently, the carcinogen-resistant DRH rat was developed from the parental Donryu strain rat, which has a low incidence of liver tumor induction by 3′-MeDAB administration, 1) and it has been used for the study of the mechanisms of chemical carcinogens. 7, 8) The activities of drugmetabolizing enzymes in the liver of the DRH rat were shown to be less than those in the Donryu rat liver, 1) and this may be relevant to the differences in susceptibility to carcinogens. However, the overall mechanism of the carcinogen-resistance in DRH rat has not yet been established.
Our recent study using the DRH rat showed that both GADD 45 (growth arrest and DNA damage-inducible) and O
6
-methylguanine methyltransferase mRNA levels were greatly increased in Donryu rat liver, as compared with DRH rat liver, when the rats were fed a 0.06% 3′-MeDAB-containing diet for 2 months. 8) We concluded that DNA damage other than bulky DNA adduct formation was involved in the mechanism of 3′-MeDAB-induced carcinogenesis. We also suggested that the generation of reactive oxygen species occurred as well, because we observed a significant induction of cytochrome P-450 2E1 mRNA (CYP2E1) in the Donryu rat liver as compared to the DRH rat liver. CYP2E1 is an effective catalyst for reductive reactions, 9) including reduction of oxygen to superoxide and peroxide. Therefore, oxidative DNA damage may play a role in the carcinogenic mechanism.
To test this hypothesis, we measured the levels of 8-hydroxyguanine (8-OH-Gua) and its repair activity in the livers of rats and mice fed a carcinogen-containing diet. 8-OH-Gua is one of the major forms of oxidative DNA damage, 10) and has been well studied because it is a known promutagen. 11) Recently, the genes for human and murine 8-oxoguanine DNA glycosylase 1 (OGG1), a major enzyme for repair of 8-OH-Gua, were cloned by several researchers. [12] [13] [14] [15] [16] [17] [18] It is necessary to measure the levels of 8-OH-Gua repair activity and OGG1 induction, as well as 8-OH-Gua generation, for analysis of the role of oxidative DNA damage in the carcinogenic mechanism.
In the present study, we performed two kinds of experiments. First, we measured the levels of 8-OH-Gua and its repair activity in the livers of DRH and Donryu rats fed a 0.06% 3′-MeDAB-containing diet for a short term (maximum 2 months). Secondly, we measured the levels of 8-OH-Gua, its repair activity, and the induction of mouse OGG1 mRNA in the livers of ddy mice fed the same diet for a long term (8 months).
MATERIALS AND METHODS

Animals and treatments
The experimental protocols are shown in Fig. 1 . Five-week-old male DRH and Donryu rats and 3-week-old ddy mice were purchased from Seac Yoshitomi, Ltd. (Fukuoka). They were fed a commercial diet (Clea, Tokyo) and tap water ad libitum until the start of the experiments. The rats were fed a diet containing 0.06% 3′-MeDAB when they were 8 weeks old. They were killed at the indicated time points (0, 3, 7, and 10 days and 4 and 8 weeks after the start of the carcinogencontaining diet). The livers were perfused with ice-cold saline, removed, and used for the analyses (Fig. 1A) . The mice were maintained on a commercial diet for the first 2 months and then fed a diet containing 0.06% 3′-MeDAB (3′-MeDAB-treatment group) or a normal commercial diet (control group). They were killed 8 months after the start of the carcinogen-containing diet, and the livers were removed for analysis (Fig. 1B) . Measurement of 8-OH-Gua levels in the animal liver DNA 8-OH-Gua levels were measured by a previously described method. 7, 19) Briefly, DNA samples were prepared from tissue homogenates by using DNA Extractor WB kits (Wako) to reduce the background. The extracted DNA was digested enzymatically and measured by an HPLC-ECD system. The value of 8-OH-Gua was expressed as the number per 10 5 guanine residues. Analysis of 8-OH-Gua repair activity Base excision repair activities were assayed by using a previously described method. [20] [21] [22] Briefly, the tissues were homogenized and centrifuged (12 000g, 30 min) to obtain crude extracts. The extracts were incubated with a 22-mer, fluorescently labeled, synthetic oligonucleotide containing an 8-OH-Gua residue in its sequence. These mixtures were electrophoresed on a 20% denaturing polyacrylamide gel. The excised fragments, generated as a consequence of base excision repair activity, were analyzed by a Pharmacia ALF DNA sequencer (Fragment Manager, Ver. 1.1; Amersham Pharmacia Biotech, Uppsala, Sweden). Analysis of mouse OGG1 mRNA induction by RT-PCR Mouse OGG1 mRNA induction was examined by RT-PCR, as described previously. 23) Briefly, the first strand of cDNA was synthesized from isolated mRNA and each cDNA was amplified using primers for the mouse OGG1 and GAPDH genes. The GAPDH mRNA was used as an internal standard. The primers for mouse OGG1 were 5′-ATCTGTTCCTCCAACAACAAC-3′ and 5′-GCCAGCA-TAAGGTCCCCACAG-3′. The primers for mouse GAPDH were 5′-AACGGGAAGCTCACTGGCATG-3′ and 5′-TC-CACCACCCTGTTGCT-3′. The amplification protocol for mouse OGG1 consisted of 35 cycles at 94°C (60 s), 61°C (60 s) and 72°C (180 s). The PCR products were separated on a 5% polyacrylamide gel and were visualized with ethidium bromide staining. Statistical analysis All values in the text represent the means±SD. The statistical significance of differences was calculated using Student's t test. Probability values less than 0.05 were considered to indicate significant differences.
RESULTS
Levels of 8-OH-Gua and its repair activity in the rat livers First, we measured the levels of 8-OH-Gua and its repair activity in the livers of DRH and Donryu rats after 3′-MeDAB administration. There were no significant differences in the 8-OH-Gua levels between these two strains during the observation period ( Fig. 2A) . However, the repair activity showed a significant increase in the Donryu rat liver at 1 and 2 months (P=0.00073 and 0.013, respectively), while in the DRH rat liver, no significant change was observed during the time frame of this study in comparison to the control level (time 0) (Fig. 2B) . 8-OH-Gua level, its repair activity, and OGG1 mRNA level in the mouse liver In contrast to the rat experiment, the 8-OH-Gua level in the DNA of the 3′-MeDAB-treated mouse liver was 3.6-fold higher than that in the control mouse livers (Fig. 3A) . The 8-OH-Gua repair activity was also significantly increased in the 3′-MeDAB-treated Fig. 1 . The experimental protocol. (A) Short-term rat experiment. Five-week-old male DRH and Donryu rats were fed a commercial diet for 3 weeks and were then fed a 0.06% 3′-MeDAB-containing diet. The rats were killed and the livers were removed at 0, 3, 7, and 10 days and 4 and 8 weeks (indicated by arrows) after the start of the carcinogen-containing diet. (B) Long-term mouse experiment. Three-week-old male ddy mice were fed a commercial diet for 2 months and were then fed a 0.06% 3′-MeDAB-containing diet (3′-MeDAB-treatment group) or a normal commercial diet (control group). They were killed and the livers were removed at 8 months after the start of the carcinogen-containing diet. mouse liver, by 1.6-fold over that of the control mouse liver (Fig. 3B) . We also examined the mRNA level of mouse OGG1 by RT-PCR, but its induction was not observed in the liver after the administration of 3′-MeDAB (Fig. 3C) .
DISCUSSION
To clarify the mechanism of hepatocarcinogenesis induced by aminoazo dyes, many approaches have been employed. [24] [25] [26] [27] [28] [29] [30] At least two electrophilic metabolites of 3′-MeDAB, one that binds to yeast RNA and the other to tissue protein, are known to be produced in a rat liver cellfree system 26) and electron spin resonance has revealed that the liver of the DAB-treated rat contains free radicals. 29) Shimpo et al. reported the effects of vitamin C on hepatocarcinogenesis induced by 3′-MeDAB. 30) They concluded that some vitamin C derivatives had anticancer effects, which were assumed to be due to antioxidant activity. These reports strongly suggest that oxidative stresses play a key role in the mechanism of hepatocarcinogenesis induced by aminoazo dyes. Oxidative stresses are known to generate DNA damage, such as point mutations in genomic DNA, which can be responsible for carcinogenesis. Thus, oxidative DNA damage may be a key factor in the carcinogenesis induced by the aminoazo dyes.
In this study, we analyzed the role of oxidative DNA damage in carcinogenesis by measuring 8-OH-Gua and its repair activity. Recently, the carcinogen-resistant DRH rat was developed and used for the study of chemical carcinogenesis. Sakamoto's group demonstrated that DRH and Donryu rats might be equally capable of generating oxidative stresses when treated with 3′-MeDAB. 31 ) Moreover, they indicated that the levels of all of the antioxidants and the activities of all of the scavenger enzymes examined in Fig. 2. (A) The levels of 8-OH-Gua in the liver DNA of DRH ( ) and Donryu ( ) rats. The value of 8-OH-Gua is expressed as the number per 10 5 guanine residues. No significant differences were observed between the two strains at any point, n=6. (B) The levels of 8-OH-Gua repair activity in the livers of DRH ( ) and Donryu ( ) rats. The 8-OH-Gua repair activity was calculated as the ratio of the excised fragment activity to the total substrate (unexcised substrate activity plus excised fragment activity). Significant differences were observed between the two strains at every point, * P<0.05, * * P<0.001, n=6, and between the values at 1 and 2 months and the value at time 0 only in Donryu rat, # P=0.00073, ## P=0.013, n=6. the liver of the DRH rats were almost the same as those in the Donryu rats. Based on these findings, although 3′-MeDAB is known to generate oxidative stress, it appears likely that this stress is not responsible for 3′-MeDABinduced carcinogenesis. In fact, our study shows that 3′-MeDAB does not increase the 8-OH-Gua level in the livers of Donryu and DRH rats (Fig. 2A) . However, since the measured levels of oxidative DNA damage depend on the balance between its generation and repair, we cannot exclude the possibility that 3′-MeDAB generated 8-OHGua without an analysis of the repair activity. In the present study, 3′-MeDAB increased the repair activity in the liver of the Donryu rat (Fig. 2B) . Thus, a reasonable explanation is that the production of 8-OH-Gua was increased in the Donryu rat and that the repair systems were induced, thus maintaining the level of 8-OH-Gua at the control level, while in the DRH rat liver, the production of 8-OH-Gua was not increased, and therefore, the repair activity was also not increased. The difference in cellular oxidative stress seems to be due to differences in the metabolism of 3′-MeDAB in these strains. 7) In other words, the resistance of the DRH rat to the carcinogen might be, at least in part, due to the low production of 8-OH-Gua.
Based on the results of the first experiment, we planned and performed a second experiment in which we fed ddy mice a 3′-MeDAB-containing diet for 8 months. We observed a 3.6-fold increase in 8-OH-Gua, and its repair activity was increased by 1.6-fold in the livers of the 3′-MeDAB-treated mice as compared to the control (Fig. 3) . These results support our previous finding that DNA damage other than bulky DNA adduct formation is involved in the carcinogenic mechanism of 3′-MeDAB. 8) To obtain further information about the repair capacity, we analyzed the mRNA level of the repair enzyme OGG1 by RT-PCR. The OGG1 protein is an 8-OH-Gua repair enzyme, and has glycosylase/lyase activities. Recently, we reported that rat lung OGG1 mRNA was induced by the inhalation of diesel exhaust particles, which increase the 8-OH-Gua level in rat lung DNA. 23) In this study, unexpectedly, no induction was observed, while the 8-OH-Gua repair activity was increased by 1.6-fold. The reason why the OGG1 mRNA was not induced remains unknown. However, the lack of OGG1 mRNA induction suggests the existence of repair systems other than the OGG1 protein.
The present data still do not conclusively show whether or not 8-OH-Gua generation is responsible for the 3′-MeDAB-induced hepatocarcinogenesis. We did not perform histopathological analysis, although we examined the surface of the livers and observed that three of six 3′-MeDAB-treated mouse livers had several tumors while no control mouse livers had any tumors. In order to establish the exact relationship between 8-OH-Gua generation and 3′-MeDAB-induced hepatocarcinogenesis, the timecourses of 8-OH-Gua, its repair activity, and mOGG1 expression should be examined in association with histopathological analyses.
In conclusion, our data suggest that 3′-MeDAB generates 8-OH-Gua in rodent liver DNA and that 8-OH-Gua repair assay is a reliable marker of cellular oxidative stress induced by carcinogens.
